The composition of the BN film was determined using Rutherford backscattering spectrometry (RBS) and nuclear reaction analysis (NRA). RBS can provide all the constituent concentrations in the films and the absolute determination of the number of atoms/cm 2. However RBS is not suited to detection of light atoms deposited on a substrate material of higher atomic mass. On the other hand, the NRA has the advantage that it allows to measure the areal concentrations of nitrogen and boron in BN x films on Si substrates, although calibration is required using standard specimens. These experiments were carried out on the 2 MeV Van de Graaff accelerator connected to an ultra high vacuum (UHV) chamber. For RBS measurement, a 4 2 He+ beam at 2.0 MeV, a total scattering angle of 168° and a beam incident angle to the substrate normal or 60 deg. were used. Zr and Pt films, 1150 Å to 3300 Å in thickness, deposited on vitreous carbon plates were used as a substrate. NRA was performed using a deuteron beam of 1.7 MeV and a beam incident angle of 20 deg. A peak from 10 B(d,α) 8 Be in an NRA spectrum of a standard sample appeared clearly without significant background, however a broad signal from 11 B(d, α) 9 Be appeared overlapping with a peak from 14 N(d, α) 12 C. Therefore the 10 B(d, α) 8 Be and 14 N(d, α) 12 C yields were estimated, since the ratio of 11 B : 10 B measured by RBS was 0.83 : 17, which is well consistent with the natural isotopic ratio, 11 B : 10 B =0.802 :0.192. In the case of calculating the 14 N(d, α) 12 C yields, the signal from 11 B(d, α) 9 Be was deconvoluted by taking into account the shape of 11 B(d, α) 9 Be signal. The areal ratio 14 N/ 10 B was 7.73 and the error was -3.5 to +3.2%. These values will be used for determining composition of BN films. The conversion factor allows obtaining the composition of BN thin films on Si substrate.
Introduction
The composition of the BN film was determined using Rutherford backscattering spectrometry (RBS), nuclear reaction analysis (NRA) and Auger electron spectroscopy (AES). RBS can provide all the constituent concentrations in the films and the absolute determination of the number of atoms/cm 2 . However RBS is not suited to detection of light atoms deposited on a substrate material of higher atomic mass, because the signals from both the film and the substrate overlap and this results in larger error in the signals from the film. To overcome this problem, an intermediate layer is sometimes used to push back the substrate signals. For example, usage of carbon substrate having Si or Fe layer as a intermediate layer (1) (2) , so that this intermediate layer pushes the signal from the carbon substrate back, resulting in high resolution of the B peak.
On the other hand, the NRA has the advantage that it allows to measure the areal concentrations of nitrogen and boron in BNx films on Si substrates, although calibration is required using standard specimens. Usage of different substrate materials is crucial for research on BN coatings, since it has been reported that BN phases depend on the materials of substrate (3) (4) . In addition this technique minimizes the uncertainty in the measurement of the relative variations of the N/B atomic ratio, because the signals from nitrogen and boron are recorded in the same spectrum.
AES can be used for any substrate material and film thickness although it needs calibration using a standard sample the same as the NRA. AES is a surface analysis, therefore hydro-carbon, carbon-oxide and oxygen adsorbed on the surface of sample are detected, together with the elements of the sample. Thus, in most cases, the surface is bombarded with ions to remove the surface layer; however, in the case of much element material, the composition of the surface is altered due to difference of the sputtering yield among each element.
Experimental condition
These experiments were carried out on the 2 MeV Van de Graaff accelerator connected to a ultra high vacuum (UHV) chamber. For RBS measurement, a 4 2 He + beam at 2.0 MeV, a total scattering angle of 168° and a beam incident angle to the substrate normal or 60 deg. were used. Zr and Pt films, 1150 Å to 3300 Å in thickness, deposited on vitreous carbon plates were used as a substrate. NRA was performed using a deuteron beam of 1.7 MeV and a beam incident angle of 20 deg. This energy value was chosen in order to obtain maximum cross section for the considered reactions and to ensure that the energy loss of the primary beam through a 500 nm thick layer does not induce a notable cross section variation (1)(5) (6) . AES was conducted using an AES analysis system, JAMP-7800 produced by JEOL, with the electron beam acceleration voltage of 10 keV, the beam diameter of 100 µm and the beam incident angle 30 deg to the substrate normal.
Result

Calibration between RBS and NRA 3.1.1 Estimation of the conversion factor
One example of RBS spectra measured for a sample( BN(1100 Å)/Zr(3300 Å)/C substrate) with a beam incident angle normal to the substrate is shown in Fig.1 . The carbon substrate signal was shifted to a lower channel number, therefore, the peaks from 11 B and 10 B appeared clearly at channel numbers of 73 and 63, respectively, without an appreciable background signal.
The calculated results of 11 B, 10 B and 14 N yields and the ratio of elements are summarized in Table1. The calculation was done three times. The N/B atomic ratio was 0.997 in average and the error was +0.17~-0.12 %. This error is within an error of ± 5 % which results from the RBS process and the spectra deconvolution. The ratio of 11 B : 10 B was 0.83 : 17. This value is well consistent with the natural isotopic ratio, 11 B : 10 B =0.802 :0.192. Assuming that the density of the BN film is 2.2 g/cm 3 , the thickness of this BN film is 1100 Å.
An NRA spectrum of this sample is shown in Fig.2 . A peak from 10 B(d, α) 8 Be appeared clearly at a channel of 472 without significant background; however a broad signal from 11 B(d, α) 9 Be appeared from 400 ch to 330 ch, overlapping with a peak from 14 N(d, α) 12 C. Therefore the 10 B(d, α) 8 Be and 14 N(d, α) 12 C yields were estimated. In the case of calculating the 14 N(d, α) 12 C yields, the signal from 11 B(d,α) 9 Be was deconvoluted by taking into account the shape of 11 B(d, α) 9 Be signal, which is shown in Fig.3 .
Fig. 1
A RBS spectrum of a BN(1100 Å)/Zr(3300 Å)/C substrate, measured with a 4 2 He + beam at 2.0 MeV, a total scattering angle of 168 deg and a beam incident angle to substrate normal. Table. 2.The areal ratio 14 N/ 10 B was 7.73 and the error was +3.2~-3.5 %. These values will be used for determining composition of BN films.
Consequently the conversion from the NRA areal ratio S( 14 N)/S( 10 B) to the N/B atomic ratio, as shown in Fig.4 , is formalized as N/B=0.13S( 14 N)/S( 10 B). 
Influence of the BN and Zr film thickness
From the point of view of background subtraction, thin BN films are preferable, because RBS peaks at 2.0 MeV from 10 B and 11 B of thicker BN films overlap as shown in Fig.1 , although additional small error resulting from nitridification of the Zr intermediate layer may be given (the projected range of 250 eV N + in Zr layer is around 13 Å.). In order to separate the 11 B peak from 10 B, thinner BN films having a thickness of around 300 Å were prepared on carbon substrates coated with Zr. These RBS spectra obtained at a beam incident angle of 60 deg. are shown in Fig.5(a) and (b). These two specimens have equal composition and thickness since they were prepared in the same batch, whereas they have different Zr layers in thickness, 1500 Å for Fig.5 (a) and 1150 Å for Fig.5(b) . The spectrum in Fig.5(a) shows that the peaks from 11 B and 10 B were separated. In Fig.5(b) , peaks from 11 B and 10 B were also separated; however 10 B peak overlapped with carbon signal, consequently only 11 B yields can be measured. These calculated results are shown in Table. 3.
The sample of Fig.5 (a) has a N/B ratio of 1.0, an isotopic ratio 11 B : 10 B =0.79 : 0.21. Assuming that the sample of Fig.5(b) has the isotopic ratio of boron equal to the sample of Fig.5(b) , the N/B ratio is deduced to be 0.98. These values are well accepted within reasonable error. As a conclusion, it is suggested that in the case of the BN film whose 11 B and 10 B peaks are separated in RBS spectra, measurement of 11 B and 14 N yields allow to estimate N/B ratio. 
Discussion
RUMP simulation was conducted in the case of Fig.1 . The result is shown in Fig.6 . The results which were discussed in Section 3.1.1 and 3.1.2 were clarified. In order to obtain composition of BN films having thickness greater than 1100 Å, a Zr intermediate layer needs to have a thickness greater than 3300 Å for RBS measurement with a 2.0 MeV 2 4 He + beam and an incident beam angle to substrate normal. This condition gives a layer enough signal from carbon substrate to measure 10 B peak without significant background signal. When a Zr layer is 2300 Å in thickness, as shown by the experimental and the RUMP simulation results in Fig.7 (a) and (b) respectively, only 10 B peak appears clearly. However this specimen has a BN layer having 1100 Å thickness therefore 10 B and 11 B peak cannot be separated clearly, consequently accurate 11 B yield are not given. For thinner BN films having thickness in 300 Å, a Zr intermediate layer with 1500 Å in thickness, as shown the RUMP simulation results in Fig.8 (a) and (b) , is enough for RBS measurement with an incident beam angle of 60 deg.
Theoretically any heavy material can be adapted as the intermediate layer, but other factors need to be considered. A group of Burat and Bouchier (1)(2) reported that they utilized Fe, Ag or amorphous Si film with thickness of 1500 Å as the intermediate layer for measuring the 11 B and 14 N peak, and suggested that in the case of Fe or Ag the resolution of the boron peak was affected in some spectra by an unexpected partial superposition of the carbon plateau over the B peak which may leave error due to the roughness of the carbon substrate or to the polycrystalline structure of the intermediate layer, whereas this effect was not observed in the case of amorphous silicon. In this series of work, a Pt layer was also tried. As shown in Fig.9 .
However, the RBS spectrum from a Pt layer with a thickness of 2500 Å, deposited by an ion beam sputtering with 1.0 keV Ar + and an ion incident angle to a Pt target of 80 deg., shows broad rear edge in Pt signal, although the dead time was kept less than 5 %. The reason has not been clarified, but it is suggested that energetic Pt atoms from target or reflected Ar ions might induce diffusion at the interface, or the deposited Pt film has a hill-and-ditch like morphology. In addition, it should be noted that a trial NRA measurement of a bulk boron and a bulk pure hexagonal boron nitride (h-BN) was conducted in order to obtain standard spectra of a stoichiometric BN and pure boron. The results are shown in Fig.10 (a) and (b).
These spectra can provide peak heights of 10 B, 11 B and 14 N by careful deconvolution. However, due to the difficulty of the deconvolution, the values could contain higher error than the values obtained from RBS measurement, which is carefully prepared as mentioned in Section 3.1.1 and 3.1.2.
The sample, which was deposited as BN film on Si substrate by dual ion beam sputtering method, and whose NRA spectrum is shown in Fig.11 , has a NRA areal ratio S( 14 N)/S( 10 B) of 6.16.
From Table 1 and Table 2 , the BN film having a N/B ratio of 0.997 (obtained from RBS) shows a NRA areal ratio S( 14 N)/S( 10 B)=7.73. Consequently, from Fig.4 , the N/B atomic ratio of the BN film (shown in Fig.11 ) is estimated to be 0.796. 
Calibration between RBS and AES
The samples having the N/B atomic ratios of 0.35 and 1.0 measured by RBS were analyzed by AES, and the relation between the Auger electron intensity ratio(IN/IB) and the N/B atomic ratio was investigated. In addition, an h-BN target for sputtering (99.5%BN), sintered by a hot press process, was analyzed by AES. The results are shown in Fig,12 and Fig,13 .
The N/B atomic ratio of the h-BN target can be regarded as one, then the relation to the AES intensity ratio is plotted with the open square(□).
In conclusion, it is found that the conversion from the AES electron intensity ratio (IN/IB) to the N/B atomic ratio is formalized as N/B=0.58(I N /I B ). 
Fig. 13
Conversion from AES intensity ratio to N/B atomic ratio. The BN films measured by RBS was analyzed by AES. 
Conclusion
